Abstract-When rectifier station of LCC-HVDC has power fluctuations running at large load, AC filters controlled in groups at rectifier station are switched frequently. That problem potentially has impact on service life of corresponding circuit breaker and threatens the safe operation of the DC system. In this paper, due to the characteristic of close connection between rectifier station and AC system, the AC filters in the station and the generators in AC system provide reactive power collaboratively to reduce the switching times of AC filters. Combined with the existing reactive power control scheme, the proposed strategy takes the net exchange of reactive power between DC system and AC system and the commutation bus voltage as the control variables with the starting point of taking full account of the reactive power support capacity of the generators. The simulation results in power system analysis and synthesis program (PSASP) show the effectiveness of the proposed method.
INTRODUCTION
Line-Commutated Converter (LCC) based HVDC lines are widely used to transmit electric power and interconnect asynchronous AC systems. Due to the characteristic of LCC-HVDC, a large amount of reactive power consumed by converter station, so that reactive power shortage or excess can lead to AC voltage fluctuations, and seriously threatens the safe operation of the DC system. Therefore, a certain number of AC filters including shunt capacitors (SC) are installed and tuned to cancel AC harmonics. The capacitors within AC harmonic filters can provide reactive power for the station or control regulated bus voltage [1] [2] . As for rectifier station, generators around the station also have the ability to provide part reactive power [3] [4] . AC filter switching control is completed by reactive power control function in DC station control system. The existing reactive power control scheme is mainly based on the control technology of ABB Company and SIEMENS Company. The control schemes researched by the two companies have the same characteristics of adopting a single control variable with the net exchange of reactive power between LCC-HVDC and AC system ( exc Q ) or the converter bus voltage ( bus U ) and setting reactive power compensation from the AC system as a definite reference value. Therefore, if the DC transmission power fluctuates frequently, the AC filters will be switched frequently, so that the corresponding circuit breakers will be switched frequently, which will seriously reduce the service life of the circuit breaker. Moreover, If the circuit breaker contacts intermittently discharge in the gate and further causes permanent grounding fault, the converter bus differential protection will be tripped, so that the corresponding AC filters will be disconnected. If the amount of connected AC filters is not enough to satisfy the filtering requirement, the DC transmission power will be decreased and even not allowed to operate. Therefore, optimizing the reactive power control scheme to reduce the switching times of AC filters are of great significance to ensure the safe operation of the DC system.
In general, AC filters are configured in large groups and connected or disconnected in single group. Based on the economic allocation principle, double tuned AC filters, triple tune AC filters and shunt capacitors are combined to provide reactive power for converter station. Among the reactive compensation units, the main types of double tuned AC filters are HP11/13 (for 11th and 13th order harmonics) and HP24/36 (for 24th and 36th order harmonics), and three tuned AC filter is HP3 (for 3rd, 5th, and 11th order harmonics) [3] . In order to avoid the overload of the AC filters and meet the filter requirements, shunt capacitors are usually connected after all types of AC filters connected. When DC system running at high power, a large number of AC filters need to be connected in order to compensate for more consumption of the station, so that all filters are connected and shunt capacitors are switched to meet the changing reactive power consumption. The generators near the station supply reactive power based on their delayed phase capacity, too. Therefore, in order to reduce the switching times of SC when the station running at high power, it is necessary to improve the reactive power control scheme from two aspects. On the one hand, the reactive power support capacity of the generator near the rectifier station should be taken full advantage of. On the other hand, the impact of DC transmission power fluctuation and AC voltage fluctuation on the control of switching AC filters are supposed to be alleviated.
Compared with the antecedent studies, the research on optimal reactive power control strategy for reducing the frequent switching times of AC filters is less. In [6] , an idea is presented that the reactive power support of the AC system to the rectifier station can be given priority when the DC transmission power is higher, but specific control scheme has not been formed in the paper. Uniformly distributing the number of connecting the same type of AC filters in each large group is available to reduce the transient voltage fluctuation when the fault occurs. That scheme is proposed in [7] greatly influenced by the mode of operation and the wiring mode of the system.
In conclusion, how to make AC filters have the least switching actions with high DC transmission power has become the focus of attention for many scholars. In this paper, an optimal reactive power control strategy based on combining the control of the net exchange of reactive power between DC system and AC system and the control of the together is raised. In the proposed scheme, the ability of AC system to provide reactive power to the station is fully considered.
II. GENERAL REACTIVE POWER CONTROL SCHEME OF LCC-HVDC
In general, reactive power compensation for rectifier stations is mainly provided by the AC filters in the station and the generators near the station. Based on the quantity of the voltage fluctuation of the converter bus, the reactive power output of the generators are regulated by the voltage and reactive power control (AVC) subsystem, in order to maintain at a reasonable range or provide reactive power for the station. The switching control of AC filters is accomplished by the reactive power control function of the DC station control system. The reactive power control function is composed of several sub control modules according to their priority and the criterion to achieve. The criterion of reactive power varies with different operation modes. And the switching instructions of AC filters produced by the individual control module is only effective when it does not conflict with the control requirements of the higher priority sub control module [8] .The sub functions of reactive power control include the following 5 items according to the priority from the high to the low.
1) Abs Min Filer
The function can avoid the filter being damaged or out of operation because of overloading . If the condition is not satisfied within a certain time, the control system will return the power until it meets the condition. In addition, if the condition is not satisfied after the power return, the control system will latch the DC system.
2) U_max
The function is used for monitoring and limiting the AC bus voltage steady, and it does not depend on the choice of automatic or manual control mode. When is higher than the set value, AC filters are disconnected or not allowed to switch in. However, when hen is lower than the set value, AC filters are connected or not allowed to switch out.
3) Q_max
If this function is available, the number of connected filters is limited, so that does not exceed the maximum limit and the steady-state overvoltage is also limited.
4) Min Filer
The number of minimum filters meeting for filtering performance is required by the function. If the minimum number of filters is not satisfied, an alarm signal will be sent, but the transmission power or the will not be reduced.
5) Q_control/U_control
Control modes and reference value of output variable are given by the function. The above two kinds of control modes can be done manually or automatically, and the control mode is only useful when choose one of them on the basis of meeting the above 4 functions.
The proposed optimal scheme solve the problems in the 5th sub reactive power control function based on meeting the other four sub functions.
A. Reactive Power Control Mode
Under the control of reactive power control mode, the amount of connected AC filters is determined by , and the fluctuation of the switching bus voltage is not limited. When the AC filter is allowed to be connected, should meet the criterion in (1) . 
When the AC filter is allowed to disconnect, should meet the criterion in (3).
B. AC Voltage Control Mode
Under the control of AC voltage control mode, the amount of connected AC filters is determined by bus U .When the AC filter is allowed to be connected, bus U should meet the criterion in (4) .
When the AC filter is allowed to be connected, bus U should meet the criterion in (5) . According to the theoretical analysis of the previous section, the power supply close to rectifier station and the AC filters in the station provide reactive power to the converter station, and the voltage stability of the converter bus is controlled by the AVC system and the DC station control system. If the voltage fluctuation of the converter bus can be regulated by the AVC sub system firstly, the switching times of AC filters can be reduced effectively.
The switching control strategy of AC filter mainly includes two ways: reactive power control and AC voltage control. However, within the allowable range of the bus voltage under the control mode of AC voltage control, the reactive power required by the station may exceed the reactive power support capacity of AC system. Because the AC filters cannot receive the switching instruction, the reactive power supply of the AC system is less than the reactive power compensation of the station, which makes the reactive power balance of the AC system and DC system impossible. Therefore, due to the characteristic of the system connection mode and operation mode having great impact on the control mode of AC bus voltage, which can cause the voltage control precision is not enough, and makes the system have a lot of unbalanced reactive power flow. In general, reactive power control mode is used in the project. Because of the current DC control system based on the control technology of ABB Company or SIEMENS Company, although the details of reactive power scheme vary from different converter station, the control principle of reactive power scheme is basically the same.
If the allowable reactive power range of is small, the amount of connected AC filters will increase according to the formula in (2) . According to the ordering in launching of AC filters introduced in the introduction, shunt capacitors are controlled to provide reactive power with higher DC transmission power after all the double tuned AC filters, and triple tune AC filters connected. Because of the randomness of the load, the DC control system needs to adjust the transmission power frequently to balance the active power of the load. When the reactive power consumption of the station fluctuated with the transmission power, repeatedly meet the criterion in (1) and (3) , so that shunt capacitors should switch frequently with the limit of reactive power support capability of AC system. In order to solve the problem of existing power control strategy as mentioned above, on the basis of full use of the reactive power compensation capacity of AC system, a optimal reactive power control strategy based on coordination of reactive power limit and voltage limit is proposed. And THE principle of the scheme is as follow.
When the AC filter is allowed to be connected, should meet the criterion in (6)or in (7).
When the AC filter is allowed to be connected, should meet the criterion in (8) .
According to the above formula, under the premise of ensuring the safe operation and the performance of AC filters, the flow chart of the proposed optimal strategy of reactive power control is shown in figure 1 .the following five conditions should be satisfied when a single group of filters is allowed to be connected. 2) The converter station needs the reactive power provided by the AC system ( ac dc Q  ), which exceeds the maximum capacity of the AC system to provide reactive power ( Gmax Q ).
1) The commutation bus voltage (

3) To meet the highest voltage limiting function (U_ max),
bus U
should not exceed the maximum value of the voltage which is not allowed filters to connect ( max U ).
4)
To meet the maximum reactive capacity limitation (Q_max), ac dc Q  should be less than the maximum reactive power specified by the function ( Gmax Q ), in order to ensure that the reactive power required by the station does not exceed the maximum capacity of the AC system to provide reactive power.
5) The regulation of switching bus voltage in AVC system is given priority. After the time of the voltage regulated by the AVC subsystem ( ref t ), if the above four conditions are satisfied at the same time, then the filter can be switched in.
FIGURE I. FLOW CHART OF REACTIVE POWER CONTROL STRATEGY
The following five conditions should be satisfied when a single group of filters is allowed to be disconnected. 2) In the case of DC system running at higher transmission power, the reactive power provided by the generators varies from the change of reactive power consumption, but cannot exceed the maximum ability of the generator to provide reactive power.
3) To meet the highest voltage limiting function (U_max), bus U
should not exceed the minimum value of the voltage which is not allowed filters to connect ( min U ).
4) The regulation of switching bus voltage in AVC system is given priority. After the time of the voltage regulated by the AVC subsystem ( ref t ), if the above four conditions are satisfied at the same time, then the filter can be switched in.
From the above principle, it is known that the proposed strategy has the following advantages compared with the current strategy in reactive power control mode. 1) With the reactive power consumption fluctuating, the control effect of the AVC subsystem on the converter bus voltage is realized in the first place by timing control. When the adjustment effect is invalid, the action of the AC filters is taken into account, and the switching times of AC filters can be effectively reduced.
2) The strategy mainly aims at the function with the lowest priority in current reactive power control functions, and improves the switching control strategy of AC filters. Therefore, the optimal control strategy complies with the priority of the reactive power control function, and makes the number of connected filters meet the requirements of safe operation, filtering performance and prevent over-voltage generation through the restrictions on ac dc Q  and bus U .
3) The proposed strategy is mainly based on the control of converter bus voltage ( bus U [9] [10] . Through the design above, the allowable range of bus U is large, which can effectively reduce the times of frequently switching AC filters because of the frequent fluctuation of transmission power.
IV. SIMULATION AND RESULTS
An example of a converter station with the voltage class of 330kV is given to verify the feasibility of the above optimization strategy. The equipment involved in reactive power control includes 3 groups of BP11/13 (double tuned AC filter), 3 groups of HP24/36 (double Tuned AC filters), 1 group of HP3 (three Tuned AC filter), 7 sets of shunt capacitors (SC), and 2 sets of low voltage reactors. The station takes the reactive power control mode as the main mode to control the switching of AC filters, and the allowable range of reactive power exchange ( exc Q ) between AC and DC systems is [68Mvar, 292Mvar]. In bipolar operation, the rated power of DC transmission power is up to 4000MW. Under the current scheme, the value of bus U is 345kV, and the value of bus U is 950MVar. In general, the value of ref t is approximately 15min.
Based on the actual situation of the target converter station and the flow chart 1, the following logical schematic diagram can be obtained. The minimum transmission power of the converter station is 2417MW, the maximum is 4000MW, and the power is adjusted 95 times. In the current reactive power control strategy, the shunt capacitors are switched 16 times, including 8 times of switching in and 8 times of switching our as shown in figure 2. In the current reactive power control strategy, the shunt capacitors are switched 16 times, including 8 times of connecting and 8 times of disconnecting, as shown in figure 2. In the proposed optimal scheme, the shunt capacitors are switched 8 times, including 4 times of connecting and 4 times of disconnecting. Compared with the current strategy, the number of shunt capacitors is reduced by 8 times.
V. SUMMARY
Under the current reactive power control scheme, if the ability of AC system to provide the reactive power is determined, the AVC system will no longer participate in the regulation of the converter bus voltage, so that the reactive power is mainly provided by AC filters, which can make the switching times of AC filters increase. In order to solve the above problems, the reactive power control strategy combining reactive power limit and voltage limit is put forward on the basis of taking full account of the regulating effect of AVC system. On the basis of power adjustment data of a converter station, the simulation is carried out with PSASP. Under the optimal scheme, the simulation results show that the number of switching times of the filter is reduced from 16 to 8 times in the case of 95 times of power regulation. Moreover, the capacity of the AC system to provide reactive power is changed from 180Mvar to dynamic regulation with a maximum value of 800Mvar without exceeding the maximum reactive power provided by the AC system. The above results show the effectiveness of the proposed method. 
